Solid-phase extraction (SPE) is an essential technique prior to the trace element determination. Even for highly sensitive determination techniques, such as inductively coupled plasmamass spectrometry (ICP-MS) or electrothermal atomic absorption spectrometry (ETAAS), it is often necessary to remove matrix effects and/or to improve the detection limit for accurate and precise determinations. An enrichment factor depends on both the sample volume and the eluent volume. The larger the sample volume, the greater the enrichment factor that can be attained. Also, the smaller the eluent volume, the greater the enrichment factor that can be attained. The use of a smaller eluent has various advantages such as the economy of the sample, the reagent, and the time used. The danger of contamination would be greatly reduced compared to the use of larger volumes of sample solution and eluent in order to obtain the desired enrichment factor.
Although less than 100 μl of the eluent is adequate for laser ablation ICP-MS or ETAAS, which requires that only several ten microliters of a sample solution be introduced into the instrument, care must be taken in the handling of such a small eluent. For batch experiments, a "mini" SPE with slurry injection ETAAS attained a 1000-fold enrichment from 100 ml of the sample solutions. 1 The methods in which the small volume of eluent or resin slurry from a packed column or a renewable column are directly injected into the ETAAS are well established, and many applications have been reported. [2] [3] [4] However, there is a danger of column plugging, and the small amounts of sorbent sometime lead to a low efficiency for the extraction.
The inner wall of the open tubular PTFE capillary was used as a preconcentration medium in knotted reactors, and the eluent can also be directly injected. 5 When compared with packed columns, open tubular capillary columns have some advantages, such as the ease of column preparation due to no packing procedure, low backpressure, and almost no danger of plugging.
On the other hand, as the extraction phase is limited to its innerwall surface, its limited capacity may affect the extractivity and selectivity of the column. Some modification techniques for the inner-wall surface, such as etching, sol-gel coating, porous resin layer coating and nanoparticles immobilization, were developed for open tubular liquid chromatography 6 or open tubular capillary electrochromatography. 7, 8 These techniques are also applicable to the open tubular inner wall SPE. For example, a Supel-Q porous layer open tubular capillary column is used for in-tube solid phase microextraction. 9, 10 From the viewpoints of its high specific surface area and ease of preparation, gold nanoparticle (GNP) is an attractive material for the inner wall modification. Recently, dodecanethiol-capped GNPs were immobilized on the inner wall of a silica capillary tube and were used as the stationary phase for gas chromatography [11] [12] [13] or open tubular electrochromatography [14] [15] [16] columns.
In this paper, we describe an open tubular solid-phase extraction (OTSPE) column having a GNP phase for the metal ion extraction. Citrate-stabilized GNPs were immobilized on the inner wall of a silica capillary tube pretreated with 3-aminopropyltrimethoxysilane (APTS), and then modified with a chelating reagent, 5-amino-8-hydroxyquinoline (AHQ). The immobilization and the modification were carried out in a repeated fashion. The resulting GNP layer was observed using a field emission scanning electron microscope (FE-SEM). Although many cations are expected to react with AHQ on GNP, the characteristics as the metal ion extraction column were confirmed through cadmium ion extraction, because a cadmium ion has a relatively low complex formation constant among heavy metal ions and the extractability and the selectivity could be significantly affected by the column characteristics. Japan) was used to cycle a 5% APTS solution through a silica capillary tube placed in a Model DX-58 drying-oven (Yamato Kagaku, Tokyo, Japan). A Model MP-3 peristaltic pump (Tokyo Rikakikai, Tokyo, Japan) was used to send the colloidal gold solution and 5% AHQ solution into the silica capillary tube treated with the APTS. The GNP layer on the inner wall of the silica capillary tube was observed by a Model JSM-7000F FE-SEM (JEOL, Tokyo, Japan). The extraction of cadmium was carried out using a Model DDU-5000II syringe pump (Nichiryo, Tokyo, Japan) equipped with a three-way valve and a 500-μl microsyringe. The syringe pump was controlled by a personal computer. The atomic absorption of Cd was measured by a Model AA-6800 atomic absorption spectrophotometer equipped with a D2 background corrector, a Model GFA-EX7 graphite furnace atomizer with an optical temperature controller, and a Model ASC-6100 auto sampler (Shimadzu Corporation, Kyoto, Japan). A high-density graphite tube was used. A hollow cathode lamp obtained from Hitachi (Tokyo, Japan) was operated at 6 mA and at a wavelength of 228. ), atomizing (2200˚C, 2 s, step, Ar flow 0 ml min −1 ), cleaning (2400˚C, 2 s, step, Ar flow 1.0 ml min −1 ). The pH of the sample solutions was measured by a Model M-12 pH meter (Horiba, Kyoto, Japan).
Experimental

Instruments
Reagents and materials
APTS and AHQ dihydrochloride were purchased from Tokyo Kasei (Tokyo, Japan).
Hydrogen tetrachloroaurate(III) tetrahydrate (99.9%) was purchased from Wako Pure Chemical (Osaka, Japan). The working standard solutions of cadmium were prepared by diluting a 1000 mg ml −1 Cd standard solution from Wako to the appropriate concentration, adding nitric acid to set the acidity of 0.1 M. Aqueous ammonia (Super special grade, Wako) was purified by isothermal distillation. The concentration was determined by acid-base titration. Nitric acid (Ultrapur-100) was purchased from Kanto Chemical (Tokyo, Japan). All other reagents were of analytical reagent grade. Water was purified by an Auto Pure WQ500 (Yamato Kagaku) equipped with a Q-Pak (Millipore, MA, USA). The fused silica capillary tubing (0.530 mm i.d. × 0.660 mm o.d.) was purchased from GL Sciences (Tokyo, Japan). Certified reference materials, JAC 0031 and JAC 0032 (river water), were distributed by the Japan Society for Analytical Chemistry.
The citrate-stabilized GNPs were prepared according to the reported procedure 17 after minor modifications. Briefly, to an aliquot of 50 ml of 0.4 mM HAuCl4 that was heated to boiling in a flat-bottomed flask equipped with a reflux condenser was rapidly added 5.0 ml of 38.8 mM trisodium citrate. The solution was boiled for another 15 min, and then cooled with running water. The resulting colloidal gold solution was passed through a membrane filter (0.65 μm pore size) under suction and then used. The size of the GNPs was confirmed to be 13 ± 1 nm by transmission electron microscopy.
Preparation of the extraction column
The 2.4 m-long silica capillary tube was first filled with 0.3 M NaOH and allowed to stand for one day in a drying oven at 90˚C. The capillary tube was then washed with 50 ml of water, 50 ml of 1 M HNO3 and 50 ml of water, in that order. Next, 50 ml of the 5% APTS aqueous solution, the pH of which was adjusted to 3 -4 with acetic acid, was placed in a polypropylene beaker and cycled with a double plunger pump into the capillary tube placed in the drying oven at 85˚C for 12 h at the flow rate of 1.6 ml min −1 . The capillary tube was then washed with 100 ml of water, 100 ml of methanol and 50 ml of water, in that order. The silica capillary tube was cut into the desired length and washed with 10 ml of 0.1 M HNO3. To immobilize the AHQ-modified GNPs, 10 ml of hot water, 10 ml of the colloidal gold solution, 30 ml of water, 10 ml of hot water, 2 ml of the 5% AHQ solution and 30 ml of water were pumped into the capillary tube by a peristaltic pump at the flow rate of 1 ml min −1 . This was repeated 5 times. After the flow direction was inverted, it was repeated 5 more times. The schematic diagram for fabrication of the AHQ-modified GNP layer is shown in Fig. 1 . For the extraction of cadmium, this prepared extraction column was connected to the syringe pump via a 190 cm-long PTFE tube (1 mm i.d.). The blank column without the AHQ modification was prepared by a similar procedure except that the treatment with 5% AHQ solution was omitted.
Measurement of the column capacity
A 250-ml portion of 0.001 M cadmium nitrate solution (in 0.01 M CH3COONH4, pH 6.5) was passed through the prepared column by a siphon. After the completion of the passing, the column was thoroughly washed with water. The cadmium content in the wash was checked by ETAAS. The elution of the extracted cadmium in the column was carried out using 35 ml of 0.1 M HNO3 solution. Cadmium in the eluate was determined by ETAAS.
General procedure for the enrichment of cadmium and its determination by ETAAS
One end of the 120 cm-long prepared extraction column was connected to a 190 cm-long PTFE tube (1 mm i.d.) that was connected to the three-way valve of the syringe pump. To the other end of the extraction column, a 5 cm-long PTFE tube (0.5 . After washing with 1000 μl of water (28 μl s −1 ), 100 μl of 0.1 M HNO3 was then passed through the column from the other sample cup and returned to it at the flow rate of 25 μl s −1 . Finally, the column was washed with 500 μl of water (28 μl s −1 ). For the determination of cadmium, a 20-μl aliquot of the eluate and 12 μl of the chemical modifier, 10 mg ml −1 Pd (II) in a 0.01 M nitric acid solution, were injected into the ETAAS.
Results and Discussion
Preparation of the extraction column
It is well known that GNPs can be immobilized on solid surfaces with amino or thiol groups. 18 Therefore, for the fabrication of the GNP layer, we used a silica capillary tube having aminopropyl groups on its inner wall surface. The immobilization of the GNPs could be simply done by passing the colloidal gold solution through the capillary tube. The adsorption of AHQ was effected in a similar manner. It was effective to activate the inner wall by passing hot water before the colloidal gold solution. The formation of the AHQ-modified GNP layer was indicated by the color change of the silica capillary tube.
To confirm that the extraction can be achieved by the immobilization and modification of the GNPs, we measured the amounts of the extracted cadmium using the columns prepared under various conditions as shown in Table 1 . The results showed that the passing of 50 ml of the colloidal gold solution and 2 ml of the AHQ solution at one time produced a low extractivity; only 17.8% of the cadmium was extracted. On the other hand, it was effective to alternatively pass 10 ml of the colloidal gold solution and 2 ml of the AHQ solution in a repeating fashion. The 5 and 10 repeating times resulted in 67.3 and 73.9% extractivities, respectively.
A 120 cm-long column was then prepared. Figure 2 shows (a) the cross section, and (b) the surface of the inner wall of the column observed by FE-SEM. The left-hand part of Fig. 2a is the silica wall of the capillary tube and the right-hand part is the surface of the inner wall covered by the GNPs. It was found that the thickness of the GNP layer is about 0.15 μm. Figure 2b shows the surface of the inner wall at high magnification, i.e., ×30000. The individual particles and the surface overlapped with clusters formed by the aggregation of GNPs can be seen in the microgram. Such treatment would make the surface have a high porosity and high specific area.
The column capacity of the prepared column was 0.047 nmol cm −1 (average of two repeated measurements). It is 6300 fold compared with 0.1 ng of Cd 2+ for a 120 cm-long column. On the other hand, the column capacity of the blank column was 0.009 nmol cm −1 . Citrate ions adsorbed on GNPs may contribute to the extraction of cadmium. However, the effect of A 1-ml portion of a 2 ng ml −1 Cd solution was passed through the 40 cm-long column by suction and returned to the original vial. The concentration of the cadmium that remained was determined by ETAAS. When the retention efficiency (eluted amounts/initial amounts × 100) 19 was measured using a freshly prepared column, the quantitative results were obtained. However, the retention efficiency gradually decreased and settled at around 60% after about 40 runs. This may be due to the change in the packing of the GNPs or to the abruption of the loosely attached GNPs by a hydrodynamic flow. However, the stability of the column under the steady state is sufficient for use, as shown in Fig. 3 . Within 15 days of Fig. 3 , we performed 64 runs and measured the retention efficiency twice a day. The mean and standard deviation of the retention efficiency were 61.5 ± 4.4%. Furthermore, this column could be used at least 300 times. It was confirmed that 91.4% of the extracted cadmium was eluted by 100 μl of 0.1 M HNO3.
Enrichment of cadmium and its determination by ETAAS Effect of pH.
The extractability of the column may depend on the pH of the sample solution, since it is necessary to release a phenolic proton of AHQ to form a complex with metal ions. Although a cadmium complex of oxine derivatives has a rather low stability constant among the heavy metal ion complexes, it was reported that the extraction from the solution at pH 5 -8 gave a quantitative recovery for 8-hydroxyquinoline covalently bonded silica gel particles 20 or vinyl polymer resin. 21 The effect of pH was studied using the prepared column. These results are shown in Fig. 4 . The retention efficiency increased along with the increase in the pH in the range 2.0 -5.0, then reached a plateau in the range 5.0 -8.1. This behavior agrees with that described in the literature. Calibration graph and the effect of foreign ions. A calibration graph was prepared in the range 0 -0.2 ng ml −1 . The typical regression equation was y = (0.6961 ± 0.0215)x + (0.0056 ± 0.0026) (R 2 = 0.996, n = 6), where y is the absorbance and x is the concentration of cadmium in ng ml −1 , respectively. The detection limit, based on three times the standard deviation of the blank, was 0.009 ng ml −1 . When these values are compared with the results obtained by the measurements with direct injection of 20 μl of the standard solution, the slope of the regression line is 7.1 times that of the direct injection, while the detection limit is one-thirteenth. The time required for the analysis of one sample was about 11 min.
The effects of foreign ions were studied for ions that commonly exist in natural environments and ions that react with oxine derivatives. The results showed that no interference was observed from many foreign ions, including 1000 μg ml −1 of Na + , 500 μg ml −1 of K + , 50 μg ml −1 of Mg 2+ and Ca 2+ , 0.01 μg ml −1 of Mn 2+ , Ni 2+ , Cu 2+ , Zn 2+ , and Pb 2+ , and 0.05 μg ml −1 of Al 3+ . Analytical performance. The prepared column was compared with knotted reactors 22 or minicolumns 19, [23] [24] [25] [26] [27] used for on-line preconcentration of cadmium prior to ETAAS. The retention efficiencies of the existing methods were 47 -95%. That of the prepared column was 61.5% and is comparable to the fullerene (C60) minicolumn (47%), 19 the knotted reactor (64%), 22 and the Chelex-100 minicolumn (56%). 23 The detection limits of existing methods were 0.0002 -0.005 ng ml −1 . One of the main reasons of the rather high detection limit of the present method is the low ratio of the injection volume to the elution volume. In the present method, only 20% of the eluent was introduced into the graphite tube, while in the other methods the whole amount of eluent was introduced.
The proposed method was applied to the certified reference materials, JAC 0031 and JAC 0032 (river water). The determinations were carried out using the calibration graph method and repeated three times. For JAC 0031, the reference value of cadmium is 0.003 μg l −1
. Therefore, 0.1 ng ml −1 Cd 2+ was added to the sample solution. The obtained result was 0.099 ± 0.007 ng ml −1 (mean ± sandard deviation). For JAC 0032, the certified value is 1.00 ± 0.02 ng ml −1 . The sample solution was then diluted ten-fold before the determination. The concentration of cadmium in JAC 0032 was 1.05 ± 0.09 ng ml −1 . The results show a good recovery for JAC 0031, and a good agreement between the certified value and the experimental value for JAC 0032. Fig. 3 Stability of column after the steady state. A 1-ml portion of a 0.1 ng ml −1 Cd solution (pH 6.5) was used to measure the retention efficiency. Each data point is the mean of two determinations. Fig. 4 Effect of the pH on the retention efficiency.
